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FOREWORD

The U.S. Environmental Protection Agency is charged by Congress with protecting the

Nation’s land, air, and water resources. Under a mandate of national environmental laws, the Agency

strives to formulate and implement actions leading to a compatible balance between human activities

and the ability of natural systems to support and nurture life. To meet this mandate, EPA’s research

program is providing data and technical support for solving environmental problems today and

building a science knowledge base necessary to manage our ecological resources wisely, understand

how pollutants affect our health, and prevent or reduce environmental risks in the future.

The National Risk Management Research Laboratory is the Agency’s center for investigation

of technological and management approaches for reducing risks from threats to human health and the

environment. The focus of the Laboratory’s research program is on methods for the prevention and

control of pollution to air, land, water and subsurface resources; protection of water quality in public

water systems ; remediation of contaminated sites and ground water; and prevention and control of

indoor air pollution. The goal of this research effort is to catalyze development and implementation

of innovative, cost-effective environmental technologies; develop scientific and engineering

information needed by EPA to support regulatory and policy decisions; and provide technical support

and information transfer to ensure effective implementation of environmental regulations and

strategies.

This publication has been produced as part of the Laboratory’s strategic long-term research

plan. It is published and made available by EPA’s Office of Research and Development to assist the

user community and to link researchers with their clients.

E. Timothy Oppelt, Director
National Risk Management Research Laboratory
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There  has long been interest in utilizing     photochemical   methods  for  destroying  hazardous

or~a~~~ mate~als~  ~nfo~~nately,  the direct application of classic, low tempe~tu~ photo~l~em~~aI

prowesses  to ha~~dous waste  detoxification  are often too slow to be pra~ti~ai  for wide stead

use, ~u~he~ore~  low-~mperature photoel~el~i~ai  processes  often fail to complexly  convey  the

tweeted wisps to mineral product of ~orl~~let~  conversion  which are either ba~less to the

e~vi~~~~~en~  or easily snubbed from the system effluent. ~ese~~l~ers  at the ~~~iversity  of Layton

~ese~~b Insti~t~ (~~~1~ have deveioped a unique  p~~ototl~e~al  prowess  that overcomes achy

of the probIe~~s p~vio~~sly  encountered  with direct pl~oto~he~~al  detoxification te~hniq~es~

S~~~i~~aIly~  it has been found that there are ~lui~~er#~s  advantages  to conducting  photo~he~~~

de~oxi~~a~on  at ~Iatively high temperatures.  Under the conditions  of simultaneous ~x~~~~r~  to

heat and ult~violet  (UV~ radiation  the rate of des~~tive pllotothe~~al realigns  can be daftly

increased  and that these reactions  result in the ~on~plete  mineralization  of the busts feed,

~u~he~ore~  it has been der~ons~ated  that at the elevated ~e~~~eratu~s  used in this process the

ef~~ien~y  of UV radiation ~bso~tion  also increases ~sultin~ in an overall improve~~~nt  in prowess

~f~~~ien~y~  These features  (i.e., fast, efficient, and complete destruction  of organic  wastes~ m~es

this prowess a pr~~~isin~ technique  for des~oyir~~  t~~l~~dous  or~~~f~i~  hastes in the ~~s-ph~se~  The

authors  present  the tbeor~t~cai  four~d~tion  for the pllotothe~nal  detoxification process along with

a s~r~~~~ of the results from a bench-scale  flow  reactor systeIn.  The basic design, capital cost

and operating  cost for a full~seale  flow reactor system using ~u~ently  availably  i~dus~al

~llu~~~~~a~o~  eq~i~n~ent  is also ~resented~

report was sub~t~d in f~l~l~r~lent  of Cooperative A~~~~J~~~~  CR819594-01-0 by the

~~v~~~~ty  of Layton beseech  Institute, E~~viro~lrnental  Science and ~~~ineeri~~  Croup, under

the (~a~i~i~ sp~nsorsl~i~  of the U. S. ~~~vir~?n~~en~l  Protection  Agency. This report wavers  a

~e~~~~ from  I October 1992 to 30 ~e~e~~~ber  1994, and work was ~or~l~leted  as of 30  Decem

1994
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SECTION 1

INTRODUCTION

The University of Dayton Research Institute’              s    (UDRI) Environmental Science and

Engineering Group (ESE) has developed a new process based on a photochemical technology

that is well suited for treating the dilute gas-phase waste streams that are associated with several

types of Superfund site cleanup operations (e.g., soil vapor extraction, thermal desorption, etc.)

and may also find other applications such as a retrofit on conventional hazardous waste

incinerators to assist in the destruction process or even as a primary destruction technology in

special cases such as mixed wastes. Specifically, previous work on the use of concentrated solar

energy to destroy hazardous organic wastes has demonstrated that a photothermal process (a

high-temperature photochemical process) can destroy toxic organic materials far more efficiently

and cleanly than conventional methods such as thermal oxidation.[1,2] Given the limited

quantity of short-wavelength ultraviolet (UV) radiation in sunlight as compared to artificial

sources,[3,4] it was felt that the results of the solar research only hinted at the potential for a

photothermal treatment process. Therefore, the solar-based photothermal technology was

generalized to include the use of nearly any source of thermal and W energy to make the

concept of a Photothermal Detoxification Unit (PDU) available for Superfund site remediation.

In this specific application, the PDU will serve as an off-gas cleanup device used in conjunction

with various conventional soil and debris decontamination systems.

1.1 SYSTEM DESCRIPTION

The PDU is conceptually a relatively simple device that can be included as a new unit

operation on existing treatment technologies requiring little or no change in the overall design of

these systems. Specifically, the PDU could conceivably be designed to be retrofitted to existing

gas handling systems with the subsequent elimination of activated carbon filters or other

treatment devices such as condensers and separators. This eliminates the capital and operating
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costs of     this equipme nt and the transport and disposal of the collected wastes. Indeed, it is

possible that the inclusion of a PDU in the design of a treatment system may result in significant

savings by eliminating storage , transportation, and treatment costs.

The basic concept of the PDU is fairly simple; a flowing gas stream is heated to a

relatively high temperatur          o 

enough to destroy the hazardous organic components. While the exact configuration of the PDU

may take many forms depending on the specific application of a given unit, a general schematic

of a conceptual prototype unit is shown in Figure 1.1. In this Figure, the PDU is shown as a

thermally insulated, cylindrical vessel with high

perimeter so that the interior of the reactor can be evenly illuminated. Regardless of the final

form of the PDU, all designs share the same central concept; exposing a flowing gas-phase

stream to a relatively high temperature and

acceptably complete mineralization (i.e., decomposition to mineral products of complete

conversion such as water, carbon dioxide, hydrogen chloride, etc.) of the hazardous organic

components. It is the problem of determining the necessary conditions of time, temperature, and

2
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radiant intensity as well as the optimization of these parameters that present a unique design

challenge.

1.2 THEORY OF PHOTOTHERMAL DETOXIFICATION

Various photophysical and photochemical processes that may take place in a

photochemical reactor operating at a relatively high temperature can be described by the energy

versus reaction coordinate diagram presented in Figure 1.2. This figure illustrates the potential

energy surfaces for the thermochemical and photochemical reaction pathways available in this

Ea

In Figure 1.2 the hazardous organic molecules present in a process stream are considered

to be initially near the lowest vibrational energy state of the ground electronic state (i.e., near the
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fluo~scence~ is readily allowed. Therefore, the lifetime of these states can be quite short, often

on the order of nanoseco~ds~ By necessity~ then, only very fast reactions can occur from these

states before they return to the ground state. ~~ow~ver,  the spin of the excited electron may

change and the molecule converts ta what is referred to as triplet state, shown as Tl in Figure

1.2. Like their associated singlet states, the activation   energies  from triplet states is quite small,

often less than 5 kcal/mol. However, unlike molecules in excited singlet states, molecules in

excited triplet states relax through much slower processes, such as phosphorescence so there is

far greater opportunity for reactions to occur from excited triplet states than excited singIet

states, interestingly, one of the dominant promoters of conversion of a singlet to a triplet state is

the presence of heteroatoms such as chlorine, bromine, sulfur, nitrogen, and oxygen.[6]

~e~fore~ molecules that tend to be of environmental concern   (chlorinated solvents,   pesticides,

Pubs, P~~~s~ PCDFs,  etc.) also have the tendency to reside in excited triplet states upon

irradiation and should be   particularly susceptible to      photothermal             destruction.

In addition to the radiative ~laxation processes described above (~uo~scence  and

phosphorescence) molecules in either excited singlet or triplet states can relax back to the ground

state t~o~gb ra~ationless paths These pat~lways may take several forms and depend upon the

p~ic~i~ molecule involved~ consequently, the relative rate and ef~cie~cy of these processes

c~not be gener~i~~. However, the possibility that a molecule will absorb UV ~diation and

still ~main ref~cto~ must be considered.  The existence of these rapid radiationless processes

Ferber exacerbates the need far high~temperat~re  to accelerate the ph~toche~cal reactions to

the point that they successfully compete with deactivation.

1.3 EXPERIME~AL DESIGN

The photo~g~al  detoxi~catian process described above and ill~s~ated  in Figure I.2

rna~ aIso be descend mathematically as; [I]

fr = exp[“(k~~d  I- ~~k~~)t~l

where fr is the fraction of reactant(s~

(peals theme) oxidation (set-I>, & is the

rern~~in~~  kgnd is the rate consent of ground state

pt~otocl~emical q~antun~  yield (rno~i~s~~in~* keb is

the UV pi~o~on abso~tion rate’ constant (set-t)* and tr is the mean residence time in the ~‘actar
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(s~~)~ ~q~atian 1.1 ~p~sents the global plug flow reactor ~~o~~~e model for the

~tlot~~th~~al detoxi~~ation process In order to use Equation 1.1 to predict the ~~o~arl~e of

a ~r~t~ty~ PIN, and hence aid in the design of the protot~e unit, we must have knowIedge of

~y~i~~ v~ues of kgnd, (t)r, and kab_ ~erefore, the expe~mental  portion of this project will

~o~~en~ate on ob~ining these values for selected ~x~ple compo~nds~

It has been shown that the rate of thermal oxidation of many organic compounds can be

ad~q~~ate~y dese~bed by simple pseudo~~~st-order kinetic rn~els.[~~ ~pe~i~c~ly,

~erefore~ kgnd may be found by n~eas~ng the fraction rem~ning folIawing a purely

beak expos~e of known duration Fu~be~ore,  the temperature dependence of kgnd usn~~y

follows the A~henins, thermal activation expression;

kgnd = Aexp(~E~~ 0.4)

~n(k~~d) = In(A) - E&T WS)

where A is the frequency factor (set-I), E, is the molar activation energy (cal mol-t), R is the

universal gas ~onst~t (1.987 cal mol- 1 “K-r),  and T is ~rn~er~tu~  (“K). Therefore, by

meas~ng the caution rate (equation 1.3) at a ~nimum of two temperatures, E, and A can be

~~~~~at~ from equation 1.5. Once these values are known, kgnd may be ~~~u~ated at any

~~rn~e~~~~~  using ~uation  1.4.

In a fashion similar ta the me~sure~~ent of the rate of purely t~~~ai (i.e., g~aund state)

oxid~~o~,  has been showy that the photo~hemi~~ quantum yield may be found from; [1]

$r = InTf,(o)lf,(b)llk,bt, (1.6)



where f,(O) is the fraction remaining following a purely thermal exposure, fr(Io) is the fraction

remaining following an identical exposure but with the reactor being illuminated with radiant

intensity 10 (W cm-z). The rate coefficient of UV photon absorption, kab, may be calculated as;

kab = 1.92X  I O-‘cE~X+Io~i (1.7)

where EAT is the molar extinction coefficient (L mol-‘cm-t)  of the waste at wavelength hi (nm),

and 1ok.i is the radiant intensity (W cm-z) between h-1 and hi. The summation is carried over the

wavelength region of overlap between the absorption spectrum of the waste and the emission

spectrum of the illumination source.

Reviewing Equations 1.1 through 1.7 shows that the important experimental values are

temperature, time, radiant intensity, spectral distribution, molar extinction, and fraction

remaining. It should also be noted that these models were developed for use in oxidizing

systems (though not necessarily limited to oxidation) so initial concentrations must be such that

excess air is available for complete oxidation. Therefore, the overall experimental plan is to

measure the molar extinction spectra (the molar extinction as a function of wavelength) of

individual selected organic compounds and measure the fraction remaining following carefully

controlled laboratory experiments, and then use this data to obtain the fundamental parameters of

Ea. A, kab, and I$~ Once this information is available for several example compounds, the

Performance of a pilot scale PDU may be estimated thereby providing guidance on the system

specifications.

1.4 LABORATORY SYSTEMS

To conduct the experiments required to investigate high temperature photothermal

destruction of hazardous organic wastes, two dedicated instrumentation systems have been

constructed. Shown in Figures 1.3 and 1.4, respectively, these are the High-Temperature

Absorption Spectrophotometer (HTAS), and the Laboratory Scale-Photothermal Detoxification

Unit (LS-PDU). With these systems the most important aspects of photothermal destruction can

be studied under controlled, laboratory conditions. Specifically, the HTAS is used to directly

measure how strongly molecules absorb light by taking high-temperature, gas-phase absorption

spectra, and the LS-PDU is used for thermal and photothermal studies using various radiation
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sources such as simulated solar radiation, xenon, xenon/mercury, and mercury arc lamps, and

lasers.

1.4.1 The High-Temperature Absorption Spectrophotometer

The HTAS, shown in Figure 1.3, is a custom built, single-beam spectrophotometer

capable of operating at temperatures as high as l,OOO°C. Since the organic molecules for which

the HTAS was designed to study tend to decompose with prolonged exposures at elevated

temperatures, the system is fitted with a flow cell rather than a static cell found in most

commercial spectrophotometers. Furthermore, an inert carrier gas (i.e., nitrogen) is used for

sample transport to eliminate the possibility of sample oxidation. By flowing a carrier gas laden

with the sample of interest through the cell, the length of exposure to elevated temperatures can

be kept short (typically 1 second) to limit destruction of the sample at very high temperatures.

Referring to Figure 1.3, the absorption cell assembly consists of a thermally insulated

enclosure which houses a pair of sample inlet chambers and the absorption cell itself. The two
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heated insets occlude a low v~~~~~e inlet speci~cally designed for lasses and liquids, and a high

v~lur~e inlet which may be fitted with a va~ety of probe inserts for ad~~ittin~  eases, liquids,

s~~~~~~,  and even mixed phase s~p~es. luring llamas ~perat~a~~ bagger gas is ~drn~tt~d tu the

system through both ~ha~~~bers to prevent b~~~~diff~~i~fl  into the ~~~~~~d  ~h~rl~~.  The flow

from the two inlets join t~~~th~~  into a single ~a~~fer line which is fused to the sidewall  of the

abs~~ti#n  cell, The cell is in the form af a cylinder, 1.2 cm in dian~eter by 20 cm long, and is

~~~~~t~d along the centerline of a cand~it which passes completely thr~n~h the housing. Heat is

provided by ~~alf~~ylinder ceramic heaters which are closed at either end with flat qu‘artz

windows which preheat ~~I~ve~ti~n currents from passing through the heated zone. The exhaust

e cell exits the h~~siK~~ through a heated ~ansfer line, then passes through a pa~~~~late

astern an activated ~~b~~ filter, and finally to a fume hood. For the sake of ~~~e~~a~ ine~~e~s~

st~~~tur~  i~te~ty, and LTV ~anspare~~y, the entire flow system, from the inlets to the exhausts

is f~b~~ated from fused quartz. The cell is illuminated with ~~liimated rad~a~iQn from a

deute~um lamp and the light leaving the cell is dispersed with a 0.25 m m~n~~hr~rn~ter  and

detested with a 512 channel optical rnulti~~~~~nel  an~yzer (~~A).

aeration af the HTAS is des~~bed in detail in Section 2. beefy, moXar exti~~~~~

speck were obtained by ~~rnp~n~ reference (systems blank) and sample spectra taking into

a~~~~nt the cell ien~t~~ and the capsulated molar c~n~en~ati~n of sat~pie in the cell.

e LS-PIXJ, spawn in Figure 1.4, is a dedicated flow roaster system capable af

~bt~n~n~ thermal and ph~t~the~al de~~rnp~sit~~n  data on a great v~ety of c~rnp~~nds~

S~~t~a~~y~ the LS~P~~ shares many features with the E-ITAS,  For example,  the LS~P~~

i~~i~~~s dual sample inlets ~~nn~~ted  to a cylindrical vessel through a single sample ~a~sfer

line. ~~~~ever~ whereas the HTAS was designed to prevent reattains from taking place in the

a~~~~e the predicts af those reacti~~s~  For this purpose the vessel ~~~ne~ted to the inlet line is a

small ~ylin~~~ reactor ~~eas~rin~  1.2 cm in dia~~eter  by 8.4 cm long. The exhaust from the

barter dews through a beat~d ~ansfe~ line to a happing syst~rn which ~~~l~~ts all of the

~~~~~e~s~bl~ ~~~te~~~s from the cowing gas, This trap is a singly tabs-in-shall  design s~rni~ar to



a laboratory condenser. The shell side is cooled with nitrogen gas which has in turn been cooled

by a liquid nitrogen bath. This allows the trap to operate at temperatures as low as -180°C,

though -160°C is routinely used. During the condensate collection phase of operation the exhaust

from the trap is vented to a fume hood. In preparation to analyze the collected condensate, this

vent is closed which directs the flow of gas to an inline analytical system consisting of a

programmed temperature, capillary column gas chromatograph (GC) fitted with dual columns

and an inlet splitter. One of the columns is connected to a scanning quadrapole mass

spectrometer (MS), the other to a hydrogen flame ionization detector (FID). The LS-PDU may

be used with nearly any UV radiation source and it is currently configured with a pulsed dye

laser, solar simulator, and a high pressure xenon arc lamp.

The operation of the LS-PDU is described in detail in Section 2. Briefly, the fraction

remaining (the fraction of organic feed surviving the exposure in the reactor) is calculated by

comparing integrated chromatographic peak areas measured under destructive conditions with

values obtained from non-destructive tests (e.g., 300*C purely thermal). Quantitative organic
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product yields were calculated by comparing the integrated peaks with those from known

amounts of analytical standards. Qualitative organic product yields were calculated by

comparison with the initial peak area of the parent species from non-destructive tests.
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SECTION 2

EXPERIMENTAL PROCEDURES
AND QUALITY ASSURANCE/QUALITY CONTROL

Before a detailed design could be considered for the prototype PDU it was necessary to

obtain fundamental spectroscopic, thermochemical, and photochemical data on the types of

compounds which would be considered candidate for photothermal detoxification. This data

collection was one subject of this research project, and Section 6 presents the design for a

prototype PDU.

As described below, the spectroscopic information was collected using the HTAS, while

the LS-PDU was used to obtain the thermochemical and photochemical data. In addition to the

general operating procedures, the quality assurance and quality control procedures are described.

2.1 HIGH TEMPERATURE ABSORPTION SPECTROPHOTOMETER

Referring to the general schematic of the HTAS as shown in Figure 1.3, operation of this

system began with checking the gas supply pressure and making sure the supply valves were

fully open. Next, the deuterium lamp (Oriel Model 6316),  data system (Apple IIe), and

computer interface (Tracor Northern Model  6 100/6200) were switched on to allow them to

stabilize while the absorption cell system was set up for a specific analysis. Once the deuterium

lamp was started, the beam exiting the absorption cell assembly was inspected to ensure it was

properly centered on the entrance slit of the monochrometer (Jarrel-Ash Model 82-410).

With the subsystems on and stabilizing, the temperature of the inlet chamber, absorption

cell, and exhaust line were set as needed. These were typically already set at 100°C from

previous operations in what is referred to as an idle mode. The temperature sensors (type K

thermocouples) and readouts (dedicated thermocouple readers) were calibrated using a National

Institute of Standards and Technology (NIST) traceable thermocouple calibrator (Omega Model

CL23A). The temperature of the absorption cell was considered critical, so a calibration table
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was ~ss~~~bied for the cell’s ~m~rature ~~n~~l~er~ The ~asu~rn~nt of the cell t~mpe~tur~

was repeated 5 times to ensure the precisian ~2~ relative st~d~d d~v~atiQn) and accuracy (+/-

5°K absolute difference) was met. The inlet ~h~ber and exhaust Iine t~~~p~ratur~s were

~Q~sid~~d  n#nc~ti~ai so the indj~at~d  t~rnp~~tu~ was used. The in~ti~ t~rnp~~tu~ was set to

100,2~~~ or 3OO*C depending on the boiling point of the sample,

Once the system ~rnpe~t~res were set, the flow rate of gas tbr~ugh the abs~~ti~~ cell(

was rn~asur~ with a soap film flow meter (Alitech  Model 4047). The operation and typical

a~~u~cy and precision of this device has been described in the ~it~rat~~.[7]  The inflated

v~~urn~ of this device was ~~ibra~ by water ~spla~ement using v~lurn~~~ flasks (0.05~

a~~u~~y) and found to be within the accuracy of the m~asu~ment,  the~f~re the indicated

v~~urn~ was taken as the actual volume, The timer used to make the flow rn~as~ern~nt (Fisher

~~d~~ 14~~9~7~ was checked ag~nst time signals from TV, the NXST broadcast time

st~d~d. The rn~as~ernent of five replicates of 60 seconds each showed the timer to be a~cu~te

to within O”~O5  sec. and precise to within 0.084~ relative standard deviation (RSD), The flow

through the test cell was rn~asu~d 5 times to insure it was within the ac~ep~c~ criteria af +/-

0.2 ml/see and 5% RSD, A nanny flow rate of 12 ml/s at 20°C was set (with the actual value

being rn~as~~ and recorded) to give a nominal mean residence time in the cell of 1 second at

30~~~~

Along with the system flaw rates, the ambient posse was recorded using a va~uurn~

~v~r-rn~r~u~ barometer (S~g~mt~We~~h  Model S4565). The pressure in the abs~~ti~n cell was

taken as absent.

With the flow of the carrier gas though the system set, the m~nQchr~rn~~r waverings

s~l~~~~r was set to the desired value. The wavelength indicator was calibrate  using a rner~u~

Vader lamp and was found to be within the re~nired a~~ep~~e ~~t~~a of 5% relative sanded

d~v~~t~~n and +I- 1 nm absolute ~f~~n~e.

With clean carrier gas (i.e., dry n~~~g~n} bowing thraugh the cell a reference s~e~~rn

was beg and stared on the data system~s poppy disk. The test sample was then ad~tt~d to the

s~st~rn at a ~~n~~ll~ rate using a syringe pump (Sags Ins~men~ model 341&I, The s~ple~

used in this project were kept in a special storage area and ~s~~t~ to use for this project. A
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manifest accompanied each sample to record when samples were drawn from the stock, how

much, and by whom. The purity of each sample as specified by the manufacturer is summarized

in Table 2.1. The flow rate of sample into the system was determined by measuring the time

required for the syringe plunger to admit a predetermined volume. This measurement was

repeated 5 times to insure the acceptance criteria of 5% RSD and +/-1 ppm absolute difference

in concentration was met. With sample flowing through the cell, a second spectrum is taken and

stored on disk.

where EA is the molar extinction coefficient (L/mol-cm) at wavelength h (nm), 10~ is the

reference intensity at h (detector counts), 1~ is the measured intensity with sample flowing
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through the cell with a molar c~~~cen~ati~n of C fmoVL>, and with a cell. path length of 1 ~~~~*

The molar  ~~~~en~ati~n of sample in the cell is calcuIated from the measure flow rates of

~~~rnp~~  and carrier gas (L/s), the measured molar flow rate of sampie ~rn~~s), and the treasured

eelI temperature (to correct for the teK~?perature  differer~~e  between the point of ~~easu~~~~nt and

the ceil). The te~~~pe~tu~ of the flow meter was taken as ambient, a ~~~diti~~~ c~nfi~?~ed by

direct measurement” The overall procedure was checked using a NIST UV abs~~ti~n sanded

and procedure ~St~da~ reference  Material 935a, potassium dicbr~mate~ and was found

to be within the acceptance criteria of 5% relative standard deviation and +/-O&5 absorbance

units,

The sequence desc~bed above was repeated for each wavelength region of interest and

for each sample. A ~amplete sp~~~rn was assembled by cor~~bining the data from across the

special region of interest,

2.2 LABORATORY SCALE-P~OTOT~ER~AL DETOXIFICATION SYSTEM

~efe~ng to the general schematic of the LS-PDU shown in Figure 1.4, operation af this

syster~ begs with checking the gas supply pressure and ma~ng sure the supply valves were

fully open, A namin~ly slow flow rate of dry ni~~gen gas was set trough the cold trap to make

sure this ~ornp~ne~t  was dry before the ni~~g~n gas chiller was filled with liquid ni~~gen

~~~~a~t. Next, the GCjFID and GC/MS data systems were turned on and the GUMS data system

~~n~gured to aut~tune the qua~pole mass speedometer”  ~~rrn~ly, the LS-PDU was left

press~ized with approximately  5 psig helium from previous runs in what is referred ta as an idle

mode. If this was not the case, the system was flushed with helium, the systems vent closed, and

the system pressure set to appr~xirnately 5 psig. With the LS-PDU pressure with

appr~xi~nat~ly  5 psig of helium an auto-tune was pe~~~ned according to the rn~nufa~tu~r~~

spe~i~~a~~ns.

ile the aut~~~ne pr~cedu~ was ~xecuting~  the alnbie~t conditions ~te~~peratur~ and

pressure) welp; recorded on a daily log and a stock sampIe for the day was prepared. This stock

Xe was p~p~ed by injecting a predete~in~d volume of the liquid p~~ase sample into a glass

sampling vessel which had been leaned, evaluated, and filled with air from the same



compressed air cylinder used for the LS-PDU reactor carrier gas. The internal volume of these

gas sampling vessels had been previously measured by water displacement and recorded on each

vessel. The sample injected into the glass vessel was allowed to evaporate resulting in a gas-

phase sample of known concentration.

While the sample was evaporating in the sampling bulb, the temperature of the inlet

chamber, exhaust line, and cold trap enclosure were set. These were typically initially set at

300°C from previous operations in an idle mode similar to that described for the HTAS. The

temperature of the cold trap enclosure (the temperature controlled compartment which houses

the cold trap) was nominally set at 350°C to prevent cold spots in the lines leading to and from

the trap. The temperature sensors (type K thermocouples) and readouts (dedicated thermocouple

readers) were calibrated using an NIST traceable thermocouple calibrator (Omega Model

CL23A). The temperature of the reactor vessel was considered critical, so a calibration table was

assembled to assist in setting the actual reactor temperature. Furthermore, the measurement of

the reactor temperature was repeated 5 times to ensure the precision (2% RSD) and accuracy (+/-

5°K absolute difference) was met. The inlet chamber, exhaust line, and cold trap enclosure

temperatures were considered noncritical so the indicated temperature was used. Since the LS-

PDU could not be operated at a temperature of less that 300°C due to the heat input from the

illumination system, the inlet, reactor, and exhaust line temperatures were set to this value. The

cold trap enclosure temperature was set slightly warmer to approximately 350°C to promote

rapid heating of the trap itself as described below.

At this point the results from the auto-tune procedure were available and the procedure

complete. The system exhaust vent was opened to depressurize the system and the inlet gasses

switched from helium to air. While the system was being purged with air the coolant reservoir

was filled with liquid nitrogen and the cold trap cooled to approximately 20°C to condition the

carrier gas for measuring the system flow rate.

With the system temperatures set, the flow rate of air through the reactor was set to give

a mean residence time of 10 sec. The flow rate of gas through the system was measured at the

system exhaust vent using a soap film flow meter (Alltech Model 4045). The indicated volume

of this device was measured by water displacement using volumetric flasks (0.05% accuracy)
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and found to be within the accuracy of the measurement, therefore the indicated volume was

taken as the actual volume. The timer used to make the flow measurement was checked against

time signals from WWV, the NIST broadcast time standard, and was found to be accurate to

within 0.005 sec and precise to within 0.084% RSD. The flow through the test cell was

measured 5 times to insure it was within the acceptance criteria of +/- 0.2 ml/s of the desired

value and 5% RSD.

If the current test was a photothermal run, the xenon arc lamp (Spectral Energy Model

SS-1000x) was ignited and the lamp current set to 40 amps. With a lamp current of 40 amps the

lamp potential was nominally 24 Volts, giving an overall lamp energy of 960 Watts. The

illumination system was allowed to stabilize for two minutes and the lamp current and voltage

checked to ensure that they were at expected values and stable.

The coolant level in the cold trap reservoir was checked and refilled with liquid nitrogen,

if necessary. The flow of nitrogen gas to the cold trap was then increased, reducing the

temperature to below -160°C.

Once the cold trap temperature was stable (approximately 2 minutes) a predetermined

volume of stock sample (typically 200 ~1) was injected into the LS-PDU at a controlled rate

using a syringe pump (Sage Instruments Model 341B). The flow rate of sample into the LS-PDU

was determined by measuring the time required for the syringe plunger to admit a predetermined

volume. This measurement was repeated 5 times to insure the acceptance criteria of 5% RSD

and +/-1 ppm absolute difference in concentration was met. As the sample was being admitted to

the reactor, the system conditions (temperatures, lamp current, lamp voltage, etc.) were

monitored to ensure they were stable.

After all the sample had been introduced to the system the syringe was removed and a

brief period of time allowed to pass (typically 2 minutes) to ensure all of the sample had passed

through the reactor and cold trap. If the current test was a photothermal run the lamp was

switched on at this time.

At this point the reactor phase of the run was complete and the analysis phase was ready

to begin. Specifically, the system gases were switched from air to helium in preparation of
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mnning the gas chro~natog~ph~ bilk the system purge was being conducted the GC/FID and

~~~ data systems are con~g~d to Perot the analysis. F~he~o~~ the GAS

workstation was set to cantrol the ternpe~t~~ pragram of the GC oven and the oven was cooled

to its initial temperatu~. Once the GC oven was stable at it’s initial ~mperature the system

exhaust port was clased, the system pressurized ta approximately 5 psig, the GUFID and

G S data acquisition programs placed in acquire mode, and the cold trap cool~t turned off,

The cold trap would then rapidly heat to 350°C (approximately 3 rn~ut~s} pleasing the

co~~cted products into the GC for analysis,

The ~alytic~ subsystem of the LS-PDU was a Hewlett~P~ck~d nodal 589~ GC main

ale fitted with dual columns and detectors, and a heated spli~spl~~~ss  i~te~ace to the cold

trap. The GC/FID channel was fitted with a 328 pm x 15 m fused silica column coated with a

0.25 pm d~methylpolysilox~e  s~tion~ phase (J&W Scienti~c D&l). Sillily* the GC~S

chisel was fitted with a 200 pm x 20 m fused silica column also coated with a 0.40 pm

~m~thylpolysilox~e stationary phase. Fu~he~o~,  the spli~spli~ess interface was operated in

a split mode using a 320 pm x 1 m split restrictor. The tem~ratu~ program consisted of a 2

~~~t~ bold at -80°C (time zero was taken as the moment the coolant to the cold trap was

switcb~d off) followed by heating at lO’~~n  to O’C,  then 15a~~n to 260°C. The temperature

was held at 260°C for 5 ~nutes or until all solute peaks were observed on the GC~S trace

(which lagged, the GC/FID trace by about 3 minu~s), which ever was longer. This combination

of GC calu~s and temperat~e program was found to be suitable for all the organic compaunds

used in this phone, ‘I’he  GC/lvE channel used a Hewlett-Packed Model 597014 Mass Selective

~tector (~SD) operating in a sc~ni~g mode. The mass range was scanned from 35 to 350

atomic mass units (A~~~.

~ua~ti~tive results for parent compounds were recorded as frac~on remaining by

nonliving the int~g~t~d GC/FID peak areas with data obtained under non~des~ctiv~

~~~ditio~s  (i.e., 300°C thermal exposures). Peaks were id~n~i~ed by relative ~tention time

(G and GC~S) and mass spectral identi~c~tion  (GAS}. In the case of parent species

id~~~i~cati~~  was made using the GCJrvIS data system’s mass spectral Libra, The ide~ti~ of

products were assigned by a combination of the mass spectral libr identi~cation followed by
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confirmation using analytical standards. GC/FID response factors were determined by analyzing

known quantities of standards. Typical GC/FID response factors are shown in Figure 2.1. These

data, for trichloroethylene, illustrate that the LS-PDU was a very linear system with respect to

the quantitative transport of material.

The overall procedure described above was conducted twice for each temperature and

exposure condition (thermal and photothermal) to ensure that the acceptance criteria of 5% RSD

and +/-0.01% absolute difference. The data for fraction remaining reported in the following

sections represent the average value of two runs.
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2.3 LS-PDU CARBON AND CHLORINE BALANCES

On the outset of this program it was anticipated that carbon and chlorine balances would

be conducted on the LS-PDU. Unfortunately, difficulties were encountered which prevented

conclusive results from being obtained from these efforts.

In the case of chlorine, it was assumed that the major products of HCl (melting point

-114°C) and Cl2 (melting point -101°C) would be quantitatively captured by the LS-PDU’s  cold

trap and analyzed by the GCJh4S channel (the GCJPID channel would not respond to inorganic

gases). In practice this proved to be correct. Indeed HCl and Cl2 were the sole chlorinated

products observed in the GC/MS traces at high temperatures where the GCYFID traces showed

all organic species had been destroyed. Unfortunately, attempts to obtain GC/MS response

factors were unsuccessful, so the amount of HCl and Cl2 produced could not be quantified.

Specifically, it was observed that the sample handling equipment (e.g., syringe needles, sample

bulbs, and septa) were rapidly and heavily corroded while attempting to prepare analytical

standards of HCl and Cl2 from bottled gasses and it was found that it was not possible to prepare

a reliable calibrant for either gas.

The difficulties with the carbon balance was of a different nature. In this case it was not

possible to use the LS-PDU’s  cold trapping system as it was not capable of quantitatively

capturing CO (melting point -205°C). The trap was easily capable of capturing Co;! (melting

point -56°C) and indeed a large CO2 peak was observed in all GC/MS analysis (the GC/PID

channel would not respond to CO or CO2). However, since the reaction atmosphere (dry air)

contained CO2 it was not possible to distinguish CO2 produced as a product versus CO2 from the

atmosphere.

In an effort to overcome the problems associated with CO and CO2 analysis an

alternative technique was developed. Specifically, during tests in which analysis of CO and CO2

were to be conducted the cold trap on the LS-PDU was maintained at 350°C instead of the

customary -160°C. In this condition materials would flow through the trap and exit the system

through the exhaust port. To collect these materials a 1 L Tedlar sample bag was attached to this

port during the sample introduction phase of a run conducted for the sole purpose of obtaining
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carbon balance data. Prior to each test the sample bag was evacuated and the sample collection

time was carefully controlled to ensure consistency in the collected sample volume. After the

sample collection was complete, the contents of the bag were analyzed for light gases using an

isothermal, packed column gas chromatograph fitted with a thennoconductivity detector (TCD).

-808.45 + 15.41 S(Peak Arm)

I
60 80 100 120 140 160 180 200

GC/TCD ~~sp~~se, counts

Prior to conducting the carbon balance tests, the sample collection and GC/TCD system

was calibrated by injecting known amounts of CO and CO2 into the LS-PDU and collecting

samples of the exhaust and analyzing them as described above. The results are summarized in

Figures 2.2 and 2.3 for CO and CO?_, respectively (the volume of calibrant was measured under

ambient conditions of 20°C and 745 mm Hg pressure). Note that the calibration curve for CO2

has a negative intercept with the ordinate. This occurs because air is being used as the carrier

gas in the LS-PDU which has approximately 330 ppm of CO?. Therefore, CO2 is present in the
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Also, the GC/FID traces for light organic compounds (i.e. see 2-methyl-propane, melting point -

160°C, in Figure 4.15) illustrate the ability of the LS-PDU to capture and analyze light organic

compounds. These results suggest that no significant organic species remain unaccounted for in

the effluent analysis.
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SECTION 3

ABSORBANCE AS A FUNCTION OF TEMPERATURE

Reviewing the theoretical basis for the photothermal detoxification process

discussed in Section 1 illustrates that knowledge of the absorption spectra of typical

waste compounds is important to both the interpretation of data from laboratory scale

reactors and to predicting the performance of large scale systems. For this reason

spectroscopic data was obtained with the HTAS on a variety of test compounds ranging

from simple hydrocarbons to complex PNAs. These data consisted primarily of the molar

extinction spectrum measured at temperatures from 100 to 600°C. For the purposes of

comparing the intensity of the overall UV absorption of the test compounds the relative

oscillator strengths (the integrated molar extinction spectrum) were calculated at

wavelengths greater than 230 nm (the onset of the LS-PDU xenon arc illumination

system) and normalized by the value for benzene at 100°C.[8]  These values are

summarized in Table 3.1. Furthermore, the photon absorption rate constants for 18.1

W/cm2 of xenon arc radiation were calculated as summarized in Table 3.2. The emission

spectrum for the LS-PDU’s  xenon arc source which was used in calculating the photon

absorption rate constants is shown in Figure 3.1.

Temp  Clf~~  act TCE  PCE Bz ~~~~ tIX.JBs  Tal E~~~~ Xyl Tcxm ~9~~
0.0713 3.~~ Lao

~.~I23 ~~139 5.16 ~9‘~ 1.28 2.33 5.33 2.33 Z-29 3.13 3.67
~.~314 ~“24~ 8.47 24.1 I”46 2.89 7,26 2.59 2.57 3.~2 3             4.35
~‘~~S ~~4~ 10.9 26.3 I-73 3-32 9.52 2.81 2*97 4.21 383 5.05

30.3 X.94 4.89 12.88 3.33 3.43 5.46 523 5.54
32”~ 2.26 6.47 16.3 3.77 S”2S 7.01 7,29
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The high te~~perature  abso~tion spectra of n-hexane and iso”a~~ne  were taken

from 100 to 600~~. These measu~n~ents showed that the test cQn~pol~nds were

completely ~~spa~nt at wavelengths between 190 and 320 nm. This suggests that a

direct phatot~te~n~ process using xenon or medium pressure mercu~ arc lamps may not

be effective in treating aliphatic hy~oc~bon  wastes, ~awever, these types of mate~als

may prove shamble in the presence of other p~l~tosensitive  wastes such as aromatic or

h~ogenated hydroc~bons  or through the use of photo-initiators  such as hydrogen

peroxide or azone, Alte~ativeiy, ather radiation sources (i.e. low pressure rn~r~u~”  Xes

~xcii~~~r,  etc,) which emit mare far UV radiation (wavelengths shorter than 190 nm) than

the xenon arc iarnp used in the LS-PDU tests may prove effective.

The abso~tion spec~m of chlorofo~ was obtained from 2~0 to 500QC (cf*

Figure 3.2) and of carbon te~achlo~de  from 100 to 6O~‘C  (cf. Figure 3.3) The photon

abso~tion rate data is surnl~~zed in Figure 3.4. The abso~t~on spectra for these

compounds show the increase in abs~~tion intensity and red-shift with inc~asing

temperature that is a common feature in this work, These data illus~ate that the

chlo~~ated  methanes are very weak absorbers of UV radiation. As su~~~zed in Taboo

3.1, the relative oscillator s~ength far chlorofo~  ranged from 0.0123 at 20~~~ to 0.188

at COMIC, and for c~bon te~achl~~de from 0.0713 at 100°C to 0,975 at 6~O~C.

Simi~~ly, the photon abso~tion rate constants for chloroform increased from 1.24~10~

set-* at 200~~ so 4,4~x~O-~  sect at 50OT, and for carbon te~ach~oride from 9,Z~xlO~

secl at 1OO~C to 2~20~~0-2 sect at 6OO’C”  Although the overall abso~ti~n is weak it is

clear that the chlo~ne content had a s~gni~ca~t  impact on the s~e~gth of the abso~tio~

gesti~g that cager chlo~nated aliphatic compounds may be susceptible to the PDU

prowess” ~~he~~o~~  the strength of the abso~tion band far both compounds ingresses

with deceasing wavelength suggesting that these cor~pounds may be effectively treated

ith radiation sources that reach further into the UV tf~~ the xenon arc source used here,
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3.3 CHLORINATED ALKENES

The absorption spectra for trichloroethylene (100-600°C)  and tetrachloroethylene

(200-600°C) are summarized in Figures 3.5 and 3.6, respectively. The photon absorption

rate constants are summarized in Figure 3.7. These data illustrate that the chloroalkenes

are much more efficient absorbers of UV radiation than the chloromethanes. Indeed, the

relative oscillator strengths given in Table 3.1 show that the chloroethenes are among the

strongest UV absorbers studied in this program. Specifically, the relative oscillator

strength for trichloroethylene (TCE) varied from 3.80 at 100°C to 15.5 at 600°C and

from 19.0 at 200°C to 32.0 at 600°C for tetrachloroethylene (PCE). The photon

absorption rate constant for TCE varied from 0.0363 set-1 at 100°C to 0.302 set-t at

600°C and from 0.328 at 200°C to 0.908 at 600°C for PCE. Coupling of the non-
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~~~bstitution  on the boning ring shifted the onset of the intends Sz ~b~o~tio~ band (i.e.,

the ~~~n~ abolition app~~~g at short wav~~~ngth~)  to the red, a pro~~~~ f~her

~n~~~nc~d by inc~a~ing ~~~p~rat~r~~ The int~~~it~ of this ~b~~~ti~~ at chap ~~v~i~~gth~

suggests once again that using illumination  sources that provide radiation at w~v~I~ngth~

~hc~~~~r than pravided by standard xenon arc lamps may ~igni~~a~tly  incr~~~~ the

p~~~~ti~l p~~orrn~c~ of a PDU.

The high t~rnpg~tur~ abs~~tion spectra far 1,2,3,4-tetrachlorodibenzo-p-dioxin

(THUD) from 3~~ to 5~~‘~  are sunln~a~z~d in Figure 3.16 with the photon ~b~o~ti~~

rate ~~~sta~ts sb~wn in Figure 3.17, These Figures shows that TGDD is a very s~ong

absorber of UV ~diation both in terms af ~bso~ti~n intensity  and the breadth af the

wavelength region of ab~o~ti~~, which reaches to ~Ia~iv~ly long w~v~l~n~ths~ The

relative os~i~~at~r s~~ngth (ca.. Table 3.1) varied from 366 at ~~~‘C  to 523 at 5~~~~

bails the photos abs~~tion  rate constant i~~r~a~ed from 15.6 see-l at 3~O~C to 26,l set-1

at 5~0~~~  ~omp~ing these values with those for the other test compounds  shows that

TCDD is the most intense  absorber of UV radiation used in this pro~arn~ The

~~rnbin~tio~  of the intents n*<-n and x%-n ~ansiti~ns with the photo~h~mi~~ lability

of ~arbon~~hlo~~~ bonds makes TCDD and related PNAs highly ~us~~ptibl~ to the
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3.8 SUMMARY

From the standpoint of absorption spectroscopy, several classes of compounds are

suggested as good candidates for photothermal detoxification. Specifically, aromatic and

arene compounds would generally be classified as good candidates based on their

moderately strong absorption of UV radiation; chlorinated alkenes and aromatic

compounds would be considered very good candidates; and, dioxins/furans  and related

PNAs may be very susceptible to the photothermal process. In contrast, systems

composed exclusively of alkanes, even chlorinated alkanes, would likely pose a

significant challenge to the photothermal process. However, it is possible that radiation

sources with very short wavelength UV radiation (i.e., low-pressure mercury, Xe2
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~xc~~~r~ etc.) may be able eo address these materials.  Fi~tal~y, complex ~ixrures like

Vaseline  may be considered hatable based on their spec~oscopy, but the final degree of

a~p~~cabi~ity may de~cnd on which co~~~po~~ds  in the Inixt~re prove photo-active and

how they interact  with the other mixture co~p~~e~ts~
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SECTION 4

LABORATORY-SCALE PHOTOTHERMAL DETOXIFICATION

The spectroscopic data discussed in Section 3 illustrated how the absorption of UV

radiation of different classes of compounds behave as a function of temperature and provided the

molar extinction information required as part of the PDU reactor performance model. In this

Section the photothermal decomposition resulting from the absorption of UV radiation is

discussed along with the thermal data needed to extract the fundamental kinetic and

photochemical parameters needed to complete the reactor performance model.

Thermal and photothermal decomposition data has been obtained on six pure compounds

and six mixtures of compounds with varying degrees of complexity. Specifically, data was

obtained using the LS-PDU on chloroform, trichloroethylene (TCE), tetrachloroethylene (PCE),

monochlorobenzene (MCBz), o-dichlorobenzene (DCBz), and 1,2,3,4-tetrachlorodibenzo-p-

dioxin (TCDD). With respect to mixtures, tests were run with one formulation of benzene,

toluene, ethyl benzene, and m-xylene (BTEX) and three variations of a mixture of TCE, DCBz,

and water vapor. Tests were also run with gasoline and a trial mixture of benzene, hydrogen

peroxide, and water vapor. The pure compounds were considered representative of chlorinated

alkanes (chloroform) which weakly absorb ultraviolet radiation (UV), chlorinated alkenes (TCE,

PCE) which absorb UV relatively well and represent a class of solvents commonly found in

Super-fund sites, chlorinated aromatic compounds (MCBz, DCBz), and chlorinated dibenzo-p-

dioxin compounds (TCDD) which are representative of the semi-volatile compounds which may

be encountered in some Superfund remediation sites. The mixtures presented an opportunity to

quickly assess the effectiveness of the photothermal process on several aromatics and arenes

(BTEX), simulate the principal threats from an actual Superfund site (TCE/DCBz mixtures) for

which data is available, and allow some very preliminary tests of a possible indirect

photothermal process through the use of a photo-initiator (hydrogen peroxide). The overall
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exposure conditions for each pure compound and mixture are summarized in Tables 4.1 and 4.2,

respectively. The fraction remaining (where fr(n) is the fraction remaining with n W/cm2

radiation) for each compound and mixture is summarized in Tables 4.3 through 4.22. The

photothermal quantum yields (the ratio of the rate of photochemical reaction to the rate of

photon absorption) for the pure compounds are summarized in Table 4.23 and for the mixture

components in Table 4.24. The pseudo first-order rate parameters for selected data sets are

given in Table 4.25.

4.1 ALKANES AND CHLORINATED ALKANES

It was anticipated that the most challenging class of wastes for the photothermal process

would be those that either don’t absorb UV radiation at all, or absorb it only weakly. Alkanes

were considered examples of the former, and chlorinated alkanes examples of the later. For the

purposes of this project chloroform and carbon tetrachloride were taken as example chlorinated

alkanes and with hexane and iso-octane as example alkanes.  High temperature absorption spectra

(ca. Section 3) confirmed that the chloroalkanes were weak absorbers of the UV available in the

LS-PDU, while the hydrocarbons were found to be non-absorbers.
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‘All  samples were run with a mean exposure time of 10 sec in dry air.
2Expressed at the initial conditions of 300°C and a mean atmospheric pressure of 745 torr.
3Taken as having a mean molecular weight of 140 g/g-mol and a liquid density of 0.75 g/ml
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The thermal and photothermal data obtained on chloroform are summarized in Table 4.3

and Figure 4.1. These data illustrate that, as expected, this example compound does not respond

favorably to the photothermal process using xenon arc illumination. These results are consistent

with the weak rate of photon absorption by this compound. Indeed, calculations indicate that

even if the photothermal quantum yield were unity, the result would be similar to that observed.

Indirect evidence from the behavior of carbon tetrachloride, which was seen as a product from

chloroform (ca. Section 5), suggests that this compound would likewise be unresponsive to the

photothermal process using xenon arc radiation.



Given the lack of response from chloroform (as a parent compound) and carbon

tetrachloride (as a product from chloroform), thermal and photothermal tests with the alkanes

were not conducted. These results suggest the photothermal process would not be generally

effective in destroying weakly, or non-absorbing compounds. Possible mechanisms for

addressing these compounds may include using radiation sources which emit shorter

wavelengths than the xenon arc lamp used here, or utilizing UV light combined with photo-

initiators such as hydrogen peroxide or ozone.

4.2 CHLORINATED ALKENES

Certainly an important class of compounds often found in Superfund sites are the

chlorinated alkenes. Indeed, perhaps the most pervasive contaminant observed in these sites is

TCE. As discussed in Section 3, the alkenes are of interest photochemically because of the

spectroscopic properties resulting from the x electron structure of the double bond and the

potentially high photo-reactivity of these compounds. These characteristics are further enhanced

by the presence of heteroatoms within the target molecule and the spectroscopic data presented

in Section 3 confirmed that these molecules are reasonably efficient absorbers of UV radiation.

The LS-PDU results for TCE and PCE are summarized in Tables 4.4 and 4.5, and in

Figures 4.2 and 4.3, respectively. The photothermal quantum yields are summarized in Figure

4.4. These data clearly show that the chloroalkenes do indeed efficiently decompose through a

photothermal process. Specifically, both compounds showed significant conversion at 3OO”C, the

lowest temperature at which the LS-PDU could be operated with the xenon arc illumination

system. At this temperature 12.2% of the TCE was destroyed and 36.6% of the PCE. In both

examples the onset of thermal decomposition began at about 500°C where the photothermal

process was destroying 57.3% of the TCE and 67.9% of the PCE. These examples illustrate that

the photothermal process can destroy chloroalkenes at temperatures where no thermal

destruction occurs.
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The photothermal quantum yields summarized in Figure 4.4 illustrate that the quantum

yield (and hence the relative rate of excited state destruction) increases throughout the

temperature range studied. This demonstrates that the rate of reaction from the excited state is

being thermally accelerated as expected. Interestingly, even though the LS-PDU data clearly

shows a greater photothermal conversion for PCE than TCE, it has a lower quantum yield. For

example, at 600°C 27.0% of the TCE remained thermally versus 6.90% photothermally giving a

ratio of thermal-to-photothermal of 3.91 and a quantum yield of 0.409 as compared to 79.9% of

the PCE remaining thermally versus 19.0% photothermally giving a ratio of 4.21 but a quantum

yield of only 0.158. This suggests that the competing process of deactivation of the excited state

may be more efficient for PCE than for TCE. This is consistent with spectroscopic theory in that

as the allowedness of the So -> Sr transition increases, so does the allowedness of the reverse

process.[6]

One characteristic of the data shown here, and in other data sets in this Section, that

should be discussed is the apparent convergence of the thermal and photothermal data at high

temperatures. This apparent behavior is in part a consequence of how the data is presented.

Specially, at high temperatures both data sets are approaching a fraction remaining of zero,

however close examination of the data shows the photothermal data always remains below the

thermal. For example, in the case of TCE, 1.13% of the parent compound remains following a

thermal exposure at 650°C, while only 0.238% remains photothermally. The four fold better

performance of the photothermal process is significant, but appears small on the Figure.

Furthermore, these results merely serve to illustrate that the exposure conditions used in the

laboratory may be inappropriate for the actual processing of this material. The important feature

in these data is they demonstrate the photothermal process is capable of destroying these

materials and the extent of difference between the thermal and photothermal data is sufficient to

obtain the fundamental data needed to design a prototype photothermal system.

4.3 AROMATICS AND ARENES

To quickly assess the effectiveness of the photothermal process on aromatics and arenes

the thermal and photothermal destruction of benzene, toluene, ethyl benzene, and m-xylene were

obtained in a mixture referred to as BTEX. Although some interaction between the mixture
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components is likely, it is felt this will provide the most time effective means of determining if a

direct photothermal process is appropriate for these types of compounds.

The LS-PDU data for the thermal and photothermal decomposition of the individual

components of BTEX are summarized in Tables 4.6 through 4.9 and Figures 4.5 through 4.8.

The photothermal quantum yields are summarized in Figure 4.9. Comparing these data shows

that benzene was the most thermally stable component of the mixture followed by toluene, ethyl

benzene, and m-xylene. Furthermore, ethyl benzene and m-xylene showed nearly identical

decomposition behavior. The increase in photothermal destruction efficiency follows a similar

pattern. Specifically, benzene was the least affected by the xenon arc radiation, followed by

toluene and ethyl benzene and m-xylene with the latter two showing the largest (and similar)

photothermal effect. These data show that the aromatic compounds as a class are fair candidates

for photothermal processing, though caution would have to be taken with benzene due to it’s

relatively high photothermal stability. Certainly a treatability study would be in order prior to

processing a waste with a significant concentration of benzene. Furthermore, as suggested above,

using an illumination system which delivers radiation deeper in the UV than the xenon arc

system used here should improve the performance of a photothermal system.

Table 4.6
Summary of LS-PDU Results For the Benzene Component of BTEX

Exposed 10 sec in Air to 0 and 17.6 W/cm* Xenon Arc Radiation

Temperature MO) fr( 17.6)
300°C 100% 99.7%
400 100 99.5
500 98.3 96.0
550 98.3 91.1
600 83.7 64.9
650 30.4 24.3
700 0.998 0.998
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Table 4.7
Summary of LS-PDU Results For the Toluene Component of BTEX

Exposed 10 sec in Air to 0 and 17.6 W/cm? Xenon Arc Radiation

Temperature
300°C
400
500
550
600
650
700

fr(0) fr(17.6)
100% 96.6%
100 97.0
93.9 88.0
94.1 74.3
53.5 24.8

4.95 2.80

Table 4.8
Summary of LS-PDU Results For the Ethyl Benzene Component of BTEX

Exposed 10 sec in Air to 0 and 17.6 W/cm2 Xenon Arc Radiation

Temperature
300°C
400
500
550
600
650
700

fr(0) fr( 17.6)
100% 91.7%
100 90.8
89.3 77.9
85.7 53.2
32.2 9.12

1.09 0.452

Table 4.9
Summary of LS-PDU Results For the m-Xylene Component of BTEX

Exposed 10 sec in Air to 0 and 17.6 W/cm* Xenon Arc Radiation

Temperature
300°C
400
500
550
600
650
700

fr(0) fr( 17.6)
100% 90.8%
100 89.3
88.5 76.2
83.8 49.7
29.1 7.51

0.838 0.361
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Interestingly, the quantum yields for the BTEX components shown in Figure 4.9 are

nearly constant at temperatures below 500°C,  followed by a rapid rise to a maximum at

approximately 600°C. This clearly suggests an optimal temperature for processing these types of

materials of 600°C to maximize the destruction via photothermal pathways. It is also interesting

to note that while the photothermal conversion of ethyl benzene and m-xylene were nearly

identical (ca. Figures 4.7 and 4.8), the quantum yield for m-xylene is significantly lower than for

ethyl benzene. This result is a consequence of m-xylene having a higher photon absorption rate

constant (ca. Table 3.2), but not a higher rate of conversion than ethyl benzene. As in the case of

TCE and PCE, this result points to a difference in the competing processes of excited state

deactivation.

0.60
-----+- B~nz~~~
- Toluene
- Ethyl Benzene
- m-Xyl0~~

200 300 400 500 600 700 ~00
T~m~~ratur~, “c:

of the pb~~otbe~~l q~~~turn yields for cornpo~~~ts o
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4.4 CHLORINATED AROMATICS

The data described above illustrated that aromatic hydrocarbons can be destroyed by the

photothermal process. Furthermore, the data presented above for the chloroalkenes suggests that

molecules which contain relatively heavy heteroatoms may be particularly susceptible to the

photothermal process. These two types of compounds are brought together in the chlorinated

aromatics which are an important class of compounds which form the basic building blocks for

larger, more complex materials such as the highly toxic PNAs

The two example chlorinated aromatic compounds selected for this program where

MCBz and DCBz. The LS-PDU data for these materials are summarized in Tables 4.10 and

4.11, and Figures 4.10 and 4.11, respectively. The photothermal quantum yields are summarized

in Figure 4.12. As with the chloroalkenes the photothermal effect is clearly evident with a

significant level of photothermal destruction occurring at temperatures where no measurable

thermal destruction is taking place. In the case of MCBz the onset of thermal conversion occurs

at approximately 500°C whereas the photothermal process has destroyed 25.9% of the feed by

this point. Similarly, for the case of DCBz the onset of thermal destruction occurs at about

600°C at which point the photothermal process has destroyed 53.4% of the feed material.

Clearly the photothermal process is effective in destroying chlorinated aromatic materials.

Furthermore, the data suggest that the extent of conversion increases with chlorine content,

which is the opposite of the thermal response. Specifically, the thermal stability of a waste

typically increases with chlorine content, whereas the photothermal stability is seen to decrease.

This suggests the photothermal process will be particularly effective in destroying wastes with

high chlorine contents or contain other heavy components.

Table 4.10
Summary of LS-PDU Results For Monochlorobenzene

Exposed 10 sec in Air to 0 and 17.6 W/cm* Xenon Arc Radiation

Temperature fr(0)
300°C 100%
400 100
500 99.7
600 94.4

fr( 17.6)
85.3%
83.6
74.1
62.6
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The p~l~~t~tt~e~~~a~ qua~tur~l  yields surnf~l~~i~ed in figure 4.12 show that for this cxar~p~~

the q~~nt~rn yield of MCBz and DCBz are appr~~~irnately equivalent at ternperatur~s to ~~O~C~

~u~he~~~~” as in the case of the BTEX ~~rnp~~ne~t~,  a ~~~i~l rise in qu~nt~~m yields is ~bse~e~

at hither ter~pe~~tures~ th~u~i~ in this case a ~~a~i~~~~~~ is nnt present. This s~~~es~ the:

ph~t~tb~r~~al  ~~nv~rsi~n  of these ~~at~riais would be~lefit from ~~erati~~  at relatively high

temperateness

~~th~~~b perhaps not as ~~urner~us as other types of sites, l~~atio~~s contaminated with

high ~~~~e~~l~ weight ~hlarinated materials such as p~~y~hI~ri~ated  biphenyis ~PC~s),

~b~~~~f~~s  ~PCDFs)~ and diben~~-p-di~xirls  ~PCDDs)  are af concern because of their high

t#xi~~ty~ ~u~h~~are~ the relatively high thermal s~abiIity and the requirement for ~x~epti~naI~y

~f~~~~nt des~cti~n  af these types of c~r~p#unds drakes it difficult to destroy them by

~Qnv~~~ti~nai  thermal means~ C~~~~ptually,  these types of ~~mpaunds should be readily

t~ea~bl~ via the ph~to~be~al process 3s they include the s~~tu~i and ~Qrnp~siti#n~

~~~~~te~sti~s  that sh~~~~d render them very susceptible to the phat~thermal d~s~~~ti~n~

~p~~i~e~~y, PCBs, PCDDs, PCDFs, and PNAs Eenerally  include a basic ~~rnati~ s~~t~~

which absorbs UV photons at reia~~vely long w~v~i~il~~s  as well ~1s numerous het~r~~t~rn

s~bstit~ti~~s which. combine ta give a n~~le~u1~ that absorbs WV radiation very ~f~ciently and

s~~u~~I  be pb~t~-a~~v~”

The results of t~~~~~a~ and p~l~t~~err~~~ tests with TCDD are s~~mrna~zed in TabIe 4.12

and ~~~~re 4.13, with the quantum yield shown in Figure 4,14. In this case the unset of thetas

de~~~~I~~siti~n was ~bse~ed at 4O~*C at which pczint the ph~t~therm~ process was descrying

~~“~~~ of the feed. The extent af pe~~~~ance superiority of the pl~~t~the~~al  pr#~ess is

~t~n~ai~ed t~~~~u~~~~~t the te~~perature range studied with the level of irnpr~vern~~t increasing

m appr~xi~~ate~y  72 fold at 4~O~C tn over I ,200 f&d ~~4”6~ des~~yed the~a~~y versus

~~.~~ 15% d~s~~y$~i ph~t~tf~e~aily) at 60~)QC~ This clearly sb~~ws the ph~~t~therma~

well s~~t~~i for d~s~ayirl~ these types of was~es~
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The photothermal quantum yield data summarized in Figure 4.14 shows that over the

limited span for which data is available the quantum yield peaked at 400°C though it varied

over a narrow range. The interesting feature in this data is the low value of the quantum yield of

approximately 0.024. This shows that this material is relatively photochemically inactive.

However, this relative inactivity is offset by the strength of the absorption as shown by the

photon absorption rate constants listed in Table 3.2. Once again, this result is consistent with

spectroscopic theory which predicts shorter excited state lifetimes, and therefore less time for

decomposition to occur, for chemicals with strong absorption coefficients.

4.6 GASOLINE

The last sample tested as part of the initial evaluation process consisted of a commercial

grade automobile fuel (89 octane unleaded gasoline) to determine if the photothermal process

would be applicable to sites contaminated with this type of material. The complexity of this

sample is illustrated by the GC/FID trace shown in Figure 4.15. This data is from a non-
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destructive thermal exposure (300°C for 10 sec in air). Detailed inspection of this trace reveals

over 150 individual components. The selected peaks (identifications assigned by mass spectra)

show that the mixture is dominated by alkanes with some significant amounts of aromatic

compounds, most notably toluene and xylenes, at the high molecular weight end of the

chromatogram.
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The overall thermal and photothermal decomposition of the sample is summarized in

Table 4.13 and Figure 4.16. This data shows the weight percent remaining taken as the sum of

all the integrated GC,@ID peak areas in the chromatograms from each run. This data suggests a

small amount of photothermal conversion at low temperatures (i.e., 300°C) that remains constant

until the onset of thermal decomposition at approximately 500°C. Above this temperature the

thermal and photothermal curves are essentially identical.

Table 4.13
~~~~ of ~-P~~ results For ~~s~li~~

Ex~~~~~ 10 sec in Air  to  0  and 17A W~~~~ ~~~~~ Arc ~~~~~ti~~

T~m~~~~t~ f~(~) f~~l7”6~
3~~~C I~~~ ~~.~%
~~~ ~3.3 ~~.~
~~~ 22,3 215
7~~ ~.3~~ 0.341



suggests an overall simplification of the sample as the photothermal chromatograms consistently

contained fewer peaks than the thermal. However, since the photothermal conversion data does

not show a significant improvement in reactor performance the peaks affected by the

photothermal exposure must be small. Again, the overall thermal and photothermal system

performance is roughly equivalent.

Similar behavior is observed when individual components are examined, such as 2-

methyl butane and toluene as shown in Figures 4.18 and 4.19, respectively. Specifically, little

photothermal effect is observed in the major aliphatic and aromatic components. This suggests

that the small differences in the overall reactor performance lies in the impact on minor

components.
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In summary then, this data shows that the direct photothermal process would not be a

good candidate for treating fuel spill sites. However, using radiation sources other than xenon

arc (i.e., mercury vapor) or an indirect process using a powerful oxidizer like hydroxyl radicals

from the photo-dissociation of hydrogen peroxide may be worth pursuing.

4.7 MIXTURES OF TCE, DCBz, AND WATER VAPOR

In addition to the complex gasoline sample described above, data was obtained on a

simpler mixture consisting of TCE, DCBz,  and water vapor. This mixture was selected to

simulate the principal threats from a site located in western Nevada for which we had actual field

data on the contaminant levels and identities and which was being considered for cleanup by soil

vapor extraction (SVE). A summary of the contaminants and relative concentrations are

summarized in Table 4.14. This information shows that the principal threats are from TCE and

dichlorobenzenes. Two test mixtures were formulated to simulate the relative concentrations of

TCE:

1) at the start of the SVE operation where it was assumed the components would be

in relatively high concentration, and

2) later where the concentration of TCE would be reduced relative to

DCBz's  lower vapor pressure would result in it’s slower removal.

the DCBz as

A third mixture was formulated without water vapor to determine if this component had

any measurable effect on the system performance.

Mixture #I

As shown in Table 4.2 (which summarizes the initial concentrations of mixture

components), the first test mixture was composed of a TCE:Water:DCBz ratio of approximately

60:20:1  indicating the initial draw from the site would be mostly a TCE/water mixture with a

trace of DCBz. The test results for TCE and DCBz components are summarized in Tables 4.15

and 4.16, and Figures 4.20 and 4.21, respectively. The photothermal quantum yields are

summarized in Figure 4.22.
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Comparing the data in Figures 4.20 and 4.21 shows a significant improvement in reactor

performance operating in a photothermal versus thermal mode. Specifically, for both

components the onset of thermal decomposition occurs at approximately 400°C whereas the

photothermal process has destroyed 39.1% of the TCE and 50.9% of the DCBz. It is interesting

to note that the onset of thermal decomposition of the TCE and DCBz when tested as pure

compounds did not occur until approximately 500 and 600°C, respectively, indicating the

thermal stability of the mixture components were reduced compared to their stability when

tested as pure components. This type of behavior has been reported previously from studies of

thermal decomposition and has been attributed to interaction between the parent species and

reactive radicals formed from the decomposition of the mixture components. [ 10] Similar

behavior is seen in the photothermal data suggesting a similar mechanism is occurring in this

environment as well. Another interesting feature is seen in the DCBz data, where the apparent

stability of material increases following an initial rapid rate of decomposition. Reviewing prior

data with TCE tested as a pure compound (Section 4.2) revealed that this sample produces DCBz

as a PIC in very low yields (cl%). Therefore, what is being observed here in the mixture data is
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the initial destruction of the DCBz parent at low temperatures, followed by its appearance as a

PIC from the reaction of TCE. Although the absolute yield of DCBz from TCE is quite small, it

is significant compared to the amount of DCBz in the system. In any event, these data clearly

show that the photo-thermal process should be able to readily destroy this mixture under the

appropriate conditions.

Comparing the photothermal quantum yield data in Figure 4.22 with that for the pure

compound in Figures 4.4 (TCE) and 4.12 (DCBz)  shows that an overall increase in the quantum

yield is observed illustrating the interaction of the mixture components increased the overall rate

of photothermal decomposition. It should be noted that the decline in the DCBz quantum yield is

a result of the production of this compound as a PIC from TCE which had the effect of reducing

the overall destruction rate on this component. Even with this effect, the quantum yield for

DCBz in the mixture exceeded that for DCBz as a pure compound.

Mixture #2

As shown in Table 4.2, the TCE:Water:DCBz ratio in the second test mixture was

approximately 1:20:1. The results from the tests with this sample are summarized in Tables 4.17

and 4.18 and Figures 4.23 and 4.24 for TCE and DCBz,  respectively. The photothermal

quantum yields are summarized in Figure 4.25. Once again we find a comparatively early onset

of thermal decomposition at approximately 400°C where the photothermal process has destroyed

26.5% of the TCE and 40.8% of the DCBz. Although the extent of photothermal conversion is

not as great as in the first formulation, it is certainly significant and this mixture would still be

considered an excellent candidate for photothermal destruction.

Table 4.17
Summary of LS-PDU Results For the Trichloroethylene Component of Mix #2

Exposed 10 sec in Air to 0 and 17.6 W/cm 2 Xenon Arc Radiation

Temperature fr(0)
300°C 100%
400 100
500 95.4
600 68.8
650 44.0
700 3.92

fr(17.6)
88.0%
73.5
56.0
32.7

0.648
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In contrast to Mixture #l, the quantum yield data for this formulation summarized in

Figure 4.25 shows the quantum yield for DCBz is slightly higher in the mixture than the pure

compound (ca. Figure 4.12) and that for TCE is somewhat lower (ca. Figure 4.4). These tests

clearly illustrate that the behavior of mixtures can differ markedly from pure compound

performance. Our experience has been that overall mixtures tend to be less stable than pure

components, though this is not always the case. This emphasizes the need for feasibility studies

to be a part of any scale-up plan

Mixture    #3

A brief set of tests were conducted with a formulation identical to Mixture #2 except the

water component was withheld giving a TCE:Water:DCBz ratio of approximately 1:0:l. It was

hypothetically considered that the water vapor might be participating in the photothermal

decomposition process in some indirect way such as acting as a radical scavenger or possibly

reacting with ozone (which may have been formed photochemically in the reactor) to form

hydroxyl radicals. The results from these tests for TCE and DCBz are summarized in Tables

4.19 and 4.20, and included in Figures 4.23 and 4.24, respectively. These data illustrate that the

water vapor had essentially no effect on the thermal or photothermal process.

Table 4.19
~u[~rn~ of LS-PDU Results For the Tri~hI#r#~t~yl~n~ ~~rn~~~~~t of Mix #3

Exposed 10 sec in Air ta 0 and 17.6 W/~~~ Xenon Arc Radiation
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4.8 BENZENE AND HYDROGEN PEROXIDE

A brief series of tests were performed with a mixture of benzene, hydrogen peroxide, and

water vapor to determine if the photo-dissociation of hydrogen peroxide to hydroxyl radicals

could provide a mechanism of photothermally destroying compounds through an indirect

photothermal process. As shown in Table 4.2 the benzene:hydrogen peroxide:water ratio was

approximately 1:3:13. Furthermore, control tests were conducted with an identical sample of

benzene without hydrogen peroxide or water vapor.

The data for the hydrogen peroxide and control tests are summarized in Tables 4.21 and

4.22, respectively, and in Figure 4.26 with the quantum yield surnmarized in Figure 4.27. As

these data illustrate, essentially no effect was observed in either the thermal or photothermal

destruction of benzene. This was a rather surprising result in that the photochemical dissociation

of hydrogen peroxide is a common process for decontaminating dilute aqueous waste streams.

Thermal degradation of the hydrogen peroxide was considered unlikely as the control test was

nearly identical to the mixture test. An examination of the UV absorption spectrum perhaps

explains these results. As the spectrum in Figure 4.28 for hydrogen peroxide in water at 20°C

shows this sample is an exceptionally weak absorber in the wavelength region of xenon arc

emission (i.e., wavelengths greater than 230 nm). Indeed, it’s nearly an order of magnitude

weaker than chloroform (ca. Figure 3.1). Therefore, even if the quantum yield for the photo-

dissociation of hydrogen peroxide were unity, the rate of reaction would be too slow to show

significant conversion of benzene on the time scale used here. This problem may be overcome

using other photo-initiators, radiation sources which reach further into the UV, or both.
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SECTION 5
PRODUCTS OF INCOMPLETE CONVERSION

An important aspect of any destruction process is its ability to convert the hazardous

material to mineral products of complete conversion such as carbon dioxide, water vapor, and

hydrogen chloride. Previous research on thermal destruction has shown that a common feature of

the thermal decomposition of organic compounds is the production of organic products of

incomplete conversion (PICs), or products of incomplete combustion as they are called in the

incineration literature.[l0]  Furthermore, it is frequently reported that conventional, low-

temperature, direct photochemical processes produce complex mixtures of organic by-products

in relatively high yields.[9] Therefore, it is important to demonstrate that the photothermal

process is capable of completely mineralizing (convert to mineral products) the organic

compounds of interest. In the course of obtaining the data discussed in Section 4, information

was also collected on the formation of PICs from both the thermal and photothermal tests.

Analysis of this data varied from general observations to detailed identification and

quantification of individual PICs. This information is summarized in the paragraphs that follow

grouped in a similar manner as the discussion in the previous sections.

5.1 ALKANES AND CHLORINATED ALKANES

As discussed above, the alkanes as a class are considered non-absorbing compounds,

while the chlorinated alkanes as very weakly absorbing within the spectral range of xenon arc

emission (i.e., wavelengths greater than 230nm). Photothermal destruction data for chloroform

suggests that the rate of photon absorption for these compounds is so small that even if they had

quantum yields of unity they would not respond well to the photothermal process using xenon

arc radiation. For this reason only chloroform was examined as an example of this class, and an

examination of the PICs from chloroform suggest a similar response for organic products.
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Since chloroform was found to be a relatively poor responder to the photothermal

process detailed quantification of products was not conducted. However, identifications were

assigned using the mass spectral data and the relative yields calculated using the GC/FID

response factor for chloroform. Furthermore, the relative yield for the product phosgene was

calculated using the GC/MS response factor for chloroform. These data are summarized in

Tables 5.1 and 5.2, and Figures 5.1 and 5.2, for the thermal and photothermal tests, respectively.
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Reviewing the data presented in Tables 5.1 and 5.2, and Figures 5.1 and 5.2, shows

similar behavior for most of the PICs from chloroform. Specifically, the PICs appear at the onset

of decomposition (5OO“C  thermally, and 400°C photothermally), reach a maximum yield at

approximately 550°C, then quickly disappearing at higher temperatures. However, two PICs

show a much different behavior. Specifically, in the thermal PICs tetrachloroethylene and

carbon tetrachloride initially appear at much lower yields than the other PICs and continue to

increase in yield even at high temperatures. This suggests these may in fact be PICs resulting, at

least in part, from the decomposition of the other PICs. Interestingly, the yield of

tetrachloroethylene is clearly suppressed at high temperature (i.e., 6OO”C),  whereas the

photothermal yield of carbon tetrachloride is not. This suggests that PICs may follow the same
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trend observed in the conversion of the waste feed. Specifically, PICs which efficiently absorb

UV radiation should be readily destroyed by the photothermal process while non-absorbing PICs

may be more resistive to the process. Therefore, it would be unlikely to produce highly toxic,

high molecular weight PICs (such as TCDD) from a photothermal system as these materials

have been shown to be efficiently destroyed by the photothermal process.

5.2 CHLORINATED ALKENES

In contrast to chloroform, which produced several major PICs, only two significant PICs

were formed from the thermal and photothermal decomposition of trichloroethylene.

Specifically, GC/FID analysis showed carbon tetrachloride as a major organic product, along
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with phosgene as detected with the LS-PDU’s  GC/MS channel. In this case the yield of carbon

tetrachloride was calibrated with an analytical standard. An attempt was made to calibrate the

phosgene GC/MS response, but we were unable to establish a reproducible reference at the low

concentrations required. These problems have been attributed to the high reactivity of this

material with trace water present in the sample handling equipment. Note that the TCE data was

taken prior to the chloroform data reported above for which an alternative semi-quantitative

method for phosgene was used.
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With respect to phosgene, although quantitative data is not available, qualitatively the

results are similar to that for this PIC from chloroform. Specifically, the GC/MS data shows that

phosgene is destroyed at high temperatures in a manner similar to the carbon tetrachloride.

It should be noted that PIC data was not obtained for tetrachloroethylene as this

compound was run over a limited temperature range primarily to measure the photothermal

quantum yield.

5.3 AROMATICS AND ARENES

During the period that the LS-PDU tests were being conducted on BTEX, the data

system associated with the LS-PDU’s  GC/MS channel was not operating properly, so mass

spectral information on PICs for this mixture are not available. However, general observations

can be made by examining the  GC/FID data from these tests. Example   GC/FID traces from

thermal exposures (300,600, and 7OO”C),  and photothermal exposures (300,600, and 700°C)

are shown in Figures 5.5 and 5.6, respectively.
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5.4 CHLORINATED AROMATICS

The organic PIC data for o-dichlorobenzene is summarized in Tables 5.5 and 5.6, and in

Figure 5.9 and 5.10 for the thermal and photothermal tests, respectively. These data illustrate

that only two PICs, monochlorobenzene and 2-chlorophenol, where produced from this

compound. Both of the observed products reached relatively small maximum yields under both

thermal and photothermal conditions. Specifically, monochlorobenzene reached a maximum

yield of approximately 1.05% (photothermal) and 1.07% (thermal), while 2-chlorophenol

achieved a yield of 1.26% (photothermal) and 0.48% (thermal). Both products were efficiently

destroyed at temperatures above 675°C.

As in the case of tetrachloroethylene, PIC data was not obtained for monochlorobenzene

as this compound was run over a limited temperature range primarily to measure the

photothermal quantum yield.
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Table 5.5
Summ Of ~~-PD~ Data For o-Dichlorobe~~ne

~xp(~s~d  For 10 sec In AirI

Tem~r~t~re,  “C o-Dicblorob~~~e~e
300 100
400 100
500 100
600 100
625 87.8
650 , 67.8
675 33.5
700 0.406

__”

0.0236
0.116

0.3396
0.734
1.07

0.0142

m-w

0~0509
0.167
0.25 1
0.4~2
0.314

Table 5.6
~urnrn~ Qf LS-PDU Data For o-Dichlorobenze~~ exposed

To 18.1 W/cm” begot Arc ~~~~tion For 10 set In AirI

T~~~p~r~t~re~ “C o”Dichloroben~$~e ChIoroben~n~
300 71.3 “_”
400                             69.69”6 0.124
500 66.3 0.468
600 46.6 0.925
650 27.0 1.05
675 5.84                              0.301                            0.0480
700 0.0397                              ---“.sc

2”ChlorophenoI
0.513
0.781
1*15
I.26

O”469
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The LS-PDU tests on TCDD were r~Iatively brief and c~~s~quently de~il~d PIC analysis

was not e~nducted~  However, examination af the ~C~ID data daes show a general perspe~&ive

on the pr~d~~tia~ of PICs from this c~mp~und~ The LS-FDU GCIFID traces from a the~a1

exp~~s~re at 30~*~ (1~0~ remai~i~g}~ ~~0~~ {35.4~ rer~~ainin~),  and a ph~t~the~n~ exp~su~

at ~~~a~ (~~~285~ remaining) are sumrn~i~ed in Figure 5.11, The 6~~a~ thermal data shows

the pr~d~cti~~ af numerous PIGS which often a~c~~~p~y the Levi dec~mp~siti~~ of organic

~~~~p~nnds~  This is an interesting exa~~ple in that it is one of the few cases where the LS-PDU

reactor can be ~pe~tin~ in a dominantly  ph~t~the~al mode (i.e.* where there is very high

ph~t~th~~al conversion, bui limited thermal conversion)  and the ph~t~thermal  trace clearly

shows that not only is the parent TCDD des~oycd under these conditions, but nearly all of the

associated products as well. Recall that the LS-PDU’s  cold trap is aperated at - 160°C,  so that all

but the lightest organic products are coliected and an~yzed,  This emphasizes that the

ph~t~ther~~~ process differs si~ni~cantly from conventional direct ph~t~che~~~ prowesses

(i.e.* ne~r~ambient  temperate processes that act directly on the c~nta~n~ts witl~~ut the use of

sensiti~rs or ca~ysts) in that ph~t~therlnal  d~~~mp~siti~n ~actians lead ta the c~mpIete

rnine~li~ati~n of the waste feed. [ll, 12, 13, 14]

5.6 ~~T~~ES OF TCE, DCBz, AND CATER VAPOR

As shown in Table 4.2 the initial c~~cen~ati~ns of TCE and DCBz in the L~~PD~

realtor were 30~ and 51.9 ppm (58:1), respectiveIy_ Given that the c~ncen~ati~n of TCE is 58

times neater than DCBz it is not s~~~sin~ that the decomposition ehemis~ is dominated by

TCE, This is cIearIy illns~ated in Tables 5.7 and 5.8, and Figures 512 and 5.13, which

s~mm~zes the thermal and ph~t~the~aI  data, ~spectively~ tans the initial c~nce~~ati~n of

TCE as the hasis  for ~~~~pa~s~n. Indeed, on this scale the DCI3z is shown as a rni~~~

~mp~nent that quickly drops below the level of interest (~~~ c~nv~rsi~n) fall~win~ a

p~~t~~~]e~aI ~xpos~re~
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As shown in Tables 5.7 and 5.8, and Figures 5.12 and 5.13, carbon tetrachloride was the

only organic product produced in significant yield. Specifically, the thermal and photothermal

yields both reached approximately 4% between 550 and 600°C. This contrasts sharply with the

data reported earlier for TCE decomposed as a pure compound where the maximum yields of

carbon tetrachloride were from approximately 15% (thermal) and 19% (photothermal). This

reduction in yield may result from the additional hydrogen sources (i.e., o-dichlorobenzene and

water) providing a stable “sink” for the chlorine providing a more favorable pathway for the

formation of hydrogen chloride versus carbon tetrachloride. These data also show that the yield

of carbon tetrachloride is only slightly affected by the photothermal exposure. Once again, this is

consistent with observations discussed above on weakly absorbing compounds.
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As in the earlier work with TCE as a pure compound, phosgene was observed in the

GS/MS traces, but was not quantified.

Mix #2

Recall that a second formulation of the TClYDCBzNater  mixture was tested in which

the relative molar concentration of TCE and DCBz were approximately the same (1: 1).

Interestingly, when the data from this mixture was analyzed with respect to PICs, no major

organic PICs were found. This is consistent with the results comparing the PIC yields from TCE

tested as a pure compound versus Mixture #l.. Specifically, the yield of the major organic

product carbon tetrachloride may be reduced by the presence of a hydrogen source, in this case

DCBz. This illustrates that the composition of a mixture can influence the relative stability of the

parent compounds and the yield of PICs. This suggests that treatability studies be conducted in

conjunction with the first field trials to make a determination of the potential for PIC formation.



5.7 SUMMARY

The discussion above shows that unlike conventional, low-temperature photochemical

detoxification, the photothermal process is capable of destroying organic PICs which may be

formed. Furthermore, the process is particularly effective in destroying PICs which absorb near-

UV radiation. Also the data for TCDD, in which the LS-PDU destroyed the test compound very

efficiently at a relatively low temperature, illustrates that the photothermal process is capable of

destroying PICs when the reactor is operating in a predominately photothermal mode. Clearly,

the photothermal process does not proceed through simple, stepwise  dehalogenation as is often

the case in conventional, low-temperature photochemical reactions.

One major product observed in these tests which is of particular interest is phosgene,

COC12. Phosgene has been reported as a major product from low-temperature decomposition

processes, and understanding its production and developing methods for its destruction are
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important because of its relatively high toxicity. One possible reason for the high yields of

phosgene in these, and similar tests, is that at the relative low temperatures used here, the major

mineral carbon product is carbon monoxide rather than carbon dioxide. Furthermore, the

decomposition of compounds with large amounts of chlorine relative to hydrogen is molecular

chlorine rather than hydrogen chloride. Therefore, it is likely the phosgene is being produced by

the reaction of carbon monoxide with molecular chorine as;

co + Cl2 ---2 COG12

This may explain why phosgene has not been observed from the decomposition of

compounds like chloro- and dichlorobenzene where the major chlorine product is hydrogen

chloride rather than chlorine. Therefore, it is likely that phosgene production may not be a

problem in actual waste streams as long as there is an ample hydrogen source available. In

circumstances where a waste contains a relatively large amount of compounds containing

chlorine atoms and an insufficient source of compounds containing hydrogen atoms it may be

possible to efficiently destroy the phosgene by reacting it with added water as;

COG12 9 II20 --> CO2 + HCl 65.2)

In a full-scale system this could easily be achieved by the water which is naturally

present in most process streams or injecting water into the feed stream. Since the mixture tests

suggests that there is certainly no adverse effect of the presence of water vapor, the suppression

of phosgene in a full-scale system should not present a significant problem.

In summary, as with the applicability to the types of waste feed, the only PICs which will

present a significant challenge to the photothermal process are those which do not absorb UV

radiation effectively. This suggests that radiation sources with the shortest possible UV radiation

be used. Furthermore, the mixture test results illustrate that the mixture components can

significantly alter PIC yields. This suggests that feasibility studies be conducted as a part of any

scale-up activities to determine the probability of PIC formation.

95



SECTION 6

BASIC DESIGN FOR THE PROTOTYPE PDU

With the data presented in the preceding sections there is now a sufficient body of

knowledge available to embark on the design of a prototype PDU. This discussion begins with a

review of the potential radiation sources that may be used in a large-scale PDU and the selection

of a specific illumination system for the prototype unit. The geometry of the reactor vessel

which encloses the illumination system to form the basic reactor unit is discussed as well as how

the configuration of this unit affects its performance. Finally, the overall configuration is

examined to arrive at a specific proposed design. From this design the capital and operating costs

are estimated.

6.1 LAMP SELECTION

Reviewing the commercial literature on industrial illumination systems shows that there

are several types of lamps that are possible candidates for the prototype PDU. These include

lamps such as mercury, xenon, mercury-xenon, low, medium, and high pressure, short arc and

linear, continuous and flash lamps. Investigation of these lamps included reviewing the technical

literature from American Ultraviolet Co., Hanovia, ILC Technology, Ushio Inc., and VBI

Technologies and discussions with various technical representatives. The important

characteristics considered included spectral distribution and relative UV output, total output,

geometry, and service life. The primary candidates considered were high-energy short-arc lamps

(recall this type of lamp is used in the LS-PDU), flash lamps, and linear medium-pressure

mercury arc lamps. All three types of lamps offered relatively high output in the range of lO+

kW, but there were increasing concerns about service life of the short arc and flash lamps in the

higher power ranges and there were concerns about these types of lamps being able to operate in

a high temperature environment for long periods of time. Furthermore, most production short arc
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lamps are relatively ~nef~cient  generators  of UV radiation The flash lamps do much to

overcome this problems but suffer from relatively short service life. In con~ast, mercu~ arc

lamps offer relatively long service life (often greater than 2”~~~~ hours~, efficiently praduce UV

ideation, and should be abie to operate at r~~a~i~~~y high tel~p~ratu~~~  Taking all these factors

into consideration  medium pressure rne~u~ arc lamps were seIected for the design of the

pr~tot~~ PDU,

The emission spectrum for a Havonia medium possum mercury lamp de~ive~ng a

no~~i~~  1 W/cm~ is shown in Figure 6.1,  The emission spect~m for a comp~able xenon arc

lamp is also shown. This ~l~us~ates the p~ncipa~ differe~~ces between the xenon arc lamp used on

the LS-PI3f.J and the r~~r~u~ arc lamps being conside~d  for the prototype PDU. In the foyer

anly bout 2.5% of the total output is in the UV at wav~~engths shorter than 300 nm and it is

spread out as a continuous e~ssion~ Xn contrast7 medium-p~ssu~ mercury lamps emit

~pprox~mat~~y 15% of their energy at these short wav~~engths and is concen~~d in severs

disc~~te e~ssion bands. The signi~cant improvement in the photon abso~t~on rate cons~~ts of

se~~ct~d organic compounds using mercu~ versus xenon arc radiation is illustrated by the values

given in Tables 6.1 and 6.2, respectively,  for 1 W/cm~ radiation from each source. The vafues in

these tables may be used to calcuIate the photon abso~tion rate const~t  at other idiot

intensities by using an approp~a~ scaling factor. ~ornp~~ing  these data shows an average 10

fold increase in pf~oton  abso~tio~  rate constant  illus~ating that as a ra~ation source n~erc~~ arc

is clearly superior  to high pressure xenon arc.

~~anov~a produces mercu~ arc lamps for conventional photoche~cal and UV c~ng

applications  in a v~ety of sizes. Their largest 1~~s are rated at 20Q and 300 Won and can

deliver total radiant energy on the order of 15 kW with ~ol~na~ arc lengths of up to 75 and 50

in,, ~spective~y. Fu~he~ore, the envelope temperature of these lamps is typically on the order

“C illustrating that they should be capable of operating in the high temperature

environment of the PDU and their georn~~ should permit a relatively  even illumination of the

PDU interiors
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if the

where Iavg is the average intensity (W/cm*), Ii is the intensity at a single point (W/cm2), n is the

total number of points, and the summation is carried out throughout the volume of interest. This

calculation was carried out for a cylindrical vessel with a fixed length of 250 cm enclosing a single

200 W/in lamp with a nominal arc length of 200 cm located on the vessel axis. The radiant

intensity was calculated at points spaced 2.5 cm apart throughout the volume of the vessel. Points

within 5 cm of the arc were excluded from the average to take into account the size of the tube

which will enclose the lamp. The results, summarized in Figure 6.3, show that the mean radiant

intensity decreases as the vessel radius increases. This is consistent with a simple cylindrical model

where the wall (with surface area given by x(diameter)(length)) is evenly illuminated, losses out

the ends are neglected, and the cylinder is of fixed length. For the perspective of designing a

reactor with a high radiant intensity this again suggests a narrow reactor vessel.



~xa~~ij~in~ the plug flow reactor p~rf~~?~an~e model given in equation 1 1 I sf~ows  that

the radi~t intensity (er~~bodied in the pt~(~to~  abso~tiorl  rate constant, kJ is one of two

~~~~~t~~~ directly affected by the vessei ~e~~rnetry~ the second being the mean residence time, t,

~pe~i~~~~y, the mean residence time may be expressed X;

t=V/F (6.5)

where t is the mean ~sid~n~e time (set), V is the volume of the reactor vessel (mJ), and F is the

flow rate t~ouEh the vessel (m3/se~). In the case of a ~ylin~c~ reactor vessei;

where R is the radius of the vessel (m) and 1 is the length (rn). This shows that the mean

~side~~e time is proportioned  to the square of the vessel radius if the vessel length is constant”

Taunt into consideration that the mean radiance is prapo~ion~ to the reciprocal of vessel

~dius~ the product of rate of abso~tion  and’m~an  residence time (ca. Equation I * I> should

increase ii~e~ly with radius. Wence, the overall reactor pe~o~~~~~  should increase

expa~~enti~iy  with vessel radius and even though the radiant intensity decreases with the radius

of the vessel, the overall pe~o~an~e  model s~~~~sts a vessel of large diameters

One ~ons~que~~e  of a reI~tiveiy large reactor is that it is possibIe to include more than

ane Iamp within the vessel, The impact of ~~ultipl~ lamps on the radiarrt intensity can be

~aI~uIated  by extending the simpIe model for a single lamp (equation 6.3) as:

where tfle sum~nations  are carries out for each Io~ation i and each lamp j. This ~al~ui~tio~  was

~~~~d out for a cylindrical  vessel with a diar~~~ter of 120 cm and LL innate of 250 cm ~n~losi~

lamps rated at 200 W/in with a no~ninal arc length of 200 cm located on a 30 cm radius from the

vesse’l  axis, The results* s~~rnrn~i~~d in Figure 5.4, show that the mean ~diant intensity

~~~reas~s approximately line~ly with the nuf~ber of lamps. This suggests that a single cam

~~~a~  intrude several lamps if ne~~ss~ and the increase in radiant intensi~ will be

appr~ximat~~~ propo~io~~a~ to the number of ~arnps~
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In summary, there are several factors to be considered in designing the prototype PDU.

Specifically, the type and size of lamps, the size and geometry of the reactor vessel, and the

number and placement of the lamps within the vessel and each of these elements can be altered

to meet a required specification. In general, however, the discussion above suggests using linear

mercury arc lamps housed parallel to the axis of a cylindrical vessel which is only marginally

longer than the arc length and of relative large diameter. A conceptual schematic for such a

vessel is shown in Figure 6.6. Now that a basic reactor system has been established, the

laboratory data can be used to predict the performance of this, and similar systems.
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Figure 6.6. Basic design for a prototype PDU chamber based on the laboratory tests with the
LS-PDU and assuming the use   of six 200 W/in. medium pressure mercury arc
lamps with a nominal arc length of 200 cm. Measuring 200 cm in diameter and 250
cm long, the vessel would have an internal volume of approximately 270 ft3 and a
mean radiant intensity of 1.23 W/cm2.
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6.3 PREDICTED PDU REACTOR PERFORMANCE

A diagram of a basic PDU reactor vessel is given in Figure 6.6. This Figure shows a

PDU reactor vessel housing six medium pressure mercury arc lamps with a nominal arc length

of 2 m. The vessel is 250 cm long and 200 cm in diameter giving an internal volume of

approximately 8 m3, or 270 ft3. With the lamps mounted on a 50 cm radius and delivering 200

W/in, the mean radiant intensity would be 1.23 W/cm2. In the paragraphs that follow the

predicted performance of a PDU based on this design is discussed.

Recall that the performance model presented in Equation  1 .l is applicable to a plug flow

reactor (PFR). However, it is difficult to envision the flow through the reactor shown in Figure

6.6 behaving in a plug flow manner. Therefore, it is inappropriate to use a plug flow model.

Indeed, since this model gives the highest theoretical conversion it would predict overly

optimistic performance and lead to a design which would give disappointing results. In the

extreme case the reactor performance may approach that of a completely stirred tank reactor

(CSTR) where the performance is described by;

In practice it is likely that the actual flow through the reactor will be intermediate

between the extremes of PFR and CSTR. Fortunately, the intermediate regime can be readily

described using established models such as the tanks-in-series (TIS) model;

where N is the equivalent number of “tanks” (CSTR elements) needed to correctly describe the

residence time distribution of the reactor system. The advantage of this model is that by

appropriately selecting the value for N, any residence time distributions from plug flow (N of

infinity) to completely mixed flow (N of unity) can be modeled.[l5] Using the pseudo first order

rate parameters and photothermal quantum yields from the tests with the LS-PDU, the

absorption spectra from the HTAS, and the emission spectrum from the lamp manufacture,

Equations 1.7 (for the calculation of kab) and 6.7 can be used to predict the overall reactor

performance.
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The model results summarized in Figures 6.8 through 6.16 illustrate that operating

temperature has a significant impact on the overall system capacity. In the case of the

chloroalkenes (ca. Figures 6.8 and 6.9) a steady increase in throughput is predicted as

temperature increases. In all of the aromatic materials a somewhat limited effect of temperature

is seen at temperatures below approximately 500°C. with a significant increase at higher

temperatures. This suggests that if the system capacity is inadequate at temperatures below

500°C the cost of achieving temperatures greater than 500°C may be offset by the significant

increase in the system capacity.
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6.4 ESTIMATED COST OF A PROTOTYPE PDU SYSTEM

The overall capital and operating costs for the PDU chamber illustrated in Figure 6.6

were calculated as summarized in Table 6.3. In this table the costs for the shell and insulating

firebrick where taken as similar to that reported for a hazardous waste incinerator afterburner

and corrected to 1995 costs.[16,17] The cost for the lamps, lamp wells, and lamp ballasts were

from the manufacturer’s literature (Hanovia, 1994). These estimates suggest the majority of the

capital costs will be in fabricating the reactor shell, followed by the lamp wells, ballasts, and the

estimated costs of the system support structure and equipment.

With respect to the amortized costs (using a simple linear depreciation model), Table 6.3

suggests the most expensive component will be the lamps and the lamp wells. The 2,500 hours

used for the lamp life were based on the manufacture’s estimate assuming 5 hours of operation

for every lamp start. Discussions with the manufacturer indicated that since the lamps will likely

see continuous service in the PDU significantly longer service life is possible which should

reduce overall cost of the lamps, and hence the operating costs of the PDU. The second highest
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amortized cost is the lamp wells which are expected to degrade from attack from dust and water

vapor. The cost estimates assumes the lamp wells are replaced with new wells for every 10,000

hours of operation. If the wells can be replaced with refurbished units, this cost could be

reduced.
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With respect to consumable materials, only electricity for the lamps is considered here.

As Table 6.3 shows electricity is the largest single contributor to the overall cost of the PDU.

The relatively high electric energy requirement comes from the fact that only about 15% of the

electrical energy is converted to useful UV radiation. If other lamps are made available, such as

low pressure mercury or xenon excimer, this cost could be considerably reduced. This cost is in

part offset by the thermal contribution to the system from the lamps. Specifically, in a well

insulated vessel the 90 kW supplied to the chamber by the six 15 kW lamps is sufficient to heat

approximately 600 cfm of air saturated with water vapor (as from a soil vapor extraction unit)

from 15°C to 500°C. Therefore, depending on the specific site requirements, the heat from the

lamps should reduce the size of a preheater, or eliminate it entirely.

In summary, the estimate summarized in Table 6.3 suggest the overall operating cost for

a PDU based on the design presented in Figure 6.6 should be less than $ 10/hr-chamber including

the depreciation of the equipment, replacement lamps, and required electrical service.
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alkenes, chlorinated aromatics. and dioxins due to the high UV output, long

service life, and geometry of these types of lamps.

A large-scale PDU should include at least four cylindrical reactor chambers

operating in series, enclosing lamps mounted near the chamber centerline, and at

a relatively high temperature (i.e., 500-600°C).

The capacity of the PDU system can be adjusted through selection of appropriate

operating conditions (i.e., number of lamps, operating temperature, etc.),

operating chambers in series to increase efficiency and capacity, or sets of

chambers in parallel.

The overall capital cost for a large-scale PDU (270 ft3 chamber enclosing six 200

W/in. lamps) should be on the order of $50,000 per chamber and an operating

cost (including the amortized cost of the capital expenses)  of less than $ 10/hr.
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